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Designing potentials by sculpturing wires 
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Magnetic trapping potentials for atoms on atom chips are determined by the current flow in the 
chip wires. By modifying the shape of the conductor we can realize specialized current flow patterns 
and therefore micro-design the trapping potentials. We have demonstrated this by nano-machining 
an atom chip using the focused ion beam technique. We built a trap, a barrier and using a BEC 
as a probe we showed that by polishing the conductor edge the potential roughness on the selected 
wire can be reduced. Furthermore we give different other designs and discuss the creation of a ID 
magnetic lattice on an atom chip. 

PACS numbers: 03.75.Be,39.90.+d 
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I. INTRODUCTION 

Miniaturized atom optical elements on atom chips form 
the basis for robust neutral atom manipulation [1, 2]. 
The basic design idea of microscopic magnetic traps and 
guides is to superimpose the field of a current-carrying 
wire on the chip with an external bias field. Atoms are 
trapped in the potential minimum formed by the cancel- 
lation of the two fields. A straight wire and a homoge- 
neous bias field give a guide for atoms [3], which can be 
transformed into a trap by changing the angle between 
the current flow and the bias field. The standard solution 
is to bend the wire. A U-shape results in a quadrupole, 
a Z-shape in a Joffe trap [1]. 

In this paper we implement slight changes in the cur- 
rent path by sculpturing the bulk of a lithographically 
patterned plane conductor, as a mean to design the 
potential landscape. Even though this results only in 
minute changes of the overall current flow these are suf- 
ficient to alter significantly the local potentials for ultra- 
cold atoms [4]. 



II. DESIGNING POTENTIALS 

We start by looking at holes and defects in a plane con- 
ductor (fig.l). The current flow around a circular hole in 
a conducting sheet can be found analytically [5]. For ge- 
neral structures one needs numeric calculations. For a 
polygonal cut in the vicinity of an edge of the conductor 
the Schwarz-Christoffel transformation can be used (con- 
formal mapping [6]). The simplest is a single step in the 
edge: it creates either a barrier or a trough, depending 
on the orientation of the dominating longitudinal field 
component and on the direction of the step. 

The magnetic field of a general two dimensional cur- 
rent distribution can be evaluated in the Fourier domain. 
Following [7], the current densities' Fourier Transform 
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FIG. 1: (Color online) Left: a round cut in a conducting 
sheet creates current density perturbations parallel (jx) and 
perpendicular (jy) to the unperturbed flow (jo). G enter: sit- 
uation for a step at the edge of a semi infinite sheet. Right a 
notch in the edge. In these last cases maxima and minima of 
jy have a singularity at the internal corners. Figures show a 
region of interest around defects of typical size a. 



components in x and y direction {jx/y) are defined by: 
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and the magnetic fields' Fourier transform: 

I^x ^ J \f^xi f^yi ^1 d) Jy\f^xi f^y) y-^J 

^y = ~J\'^xir^yi^id)Jx\'^x^'^y) 

where the function / acts as a low pass filter for jx/y 
For homogeneous conductors, with j^iy independent of z 
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k'^ is the absolute value of the wave 
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vector, z the distance to the top of the current carrying 
surface and d the thickness of the layer. At the surface 
of a thin conductor {kd <C 1) / = fiod/2. 

Eq. 3 shows that the magnetic field computation can 
be effectively done by applying a low pass filter in Fourier 
space to the current distribution. This nicely illustrates 
the limits for potential design. In order to keep features 
up to a certain wave vector kmax = -^^^^ and to maximize 
their amplitude two requirements must be met: 

• As f{kx^ky,z,d) (X e~^^ the contributions of the 
current flow pattern are exponentially damped 
when receding from the wire. To achieve a mod- 
ulation of a fraction 770 of the maximum achievable 
field at a minimum structure size Xmin one has to 



stay at distances z < 



femax 



• For finite thickness d, the contribution of current 
flowing deep below the surface of the sheet starts 
to drop off already inside the conductor. Increasing 
d leads to larger modulation but saturates in the 
limit of a thick conductor. To reach a fraction r]i 
of the maximum achievable modulation, one has to 



satisfy d > 



-log (1-771) 



III. POLISHING WIRES 

Atom Chip wires can be easily sculptured with a fo- 
cused ion beam (FIB) technique, creating structures with 
high precision (< 20 nanometers) and large aspect ra- 
tios (height/width> 30) [8]. We experimentally demon- 
strated the power of this technique by sculpturing a 
10 /im wide and 2.5 /im thick gold conductor (see fig. 3 
top), lithographically fabricated on a Si substrate by our 
standard method [9, 10]. In our example we cut and poli- 
shed the vertical faces of this wire on both edges using 
the FIB over a distance of 250 /im. 

This modification enables us to study two effects: 

• At the limits of the polished regions we have steps 
in the wire edge, as in the examples discussed above 
and in [11]. These steps demonstrate that small de- 
viations in the current flow can be used to deliber- 
ately design potentials for tight traps and barriers. 

• Comparing the potential roughness in the polished 
and in the untreated sections of the wire we get an 
indication of how much of it stems from the wire 
edges as proposed by [12] and how much from the 
irregular current flow in the wire itself as suggested 
by [13]. 

Figure 2 shows how the polished and the untreated 
edges of a gold conductor look like. 

Experiments to study the potentials created by the 
sculptured wire were carried out in our atom chip BEC 
apparatus described in [14]. Typically 10^ ^^Rb atoms 
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FIG. 2: A step in a wire edge, as imaged by collecting the 
scattered ions of the FIB. The polished region (on the right) 
looks smoother; a columnar pattern is visible only in the lower 
half of the wire. Contrast is given by the ion reflection co- 
efficient, varying with the relative orientation of the crystal 
axes of the gold grains. The picture shows a small region of 
9.2 /xm X 5.1 /xm at the end of the polished section. 



accumulated in a MOT are transferred to a magnetic 
trap created by a large wire underneath the atom chip 
and cooled to 5/iK by RF evaporation. The resulting 
sample of 10^ atoms is then loaded to the selected chip 
trap at the desired longitudinal position, where a second 
stage of RF evaporation creates a pure quasi one dimen- 
sional BEC which spans typically 0.6 mm in length. The 
BEC is then kept for 300 ms in the trap with a close RF 
knife to achieve dynamic equilibrium. 

We image the atomic cloud by resonant absorption 
imaging, with 3/im resolution. To determine the cloud 
distance from the surface 2:, we incline the imaging light 
with respect to the chip mirror surface by lOmrad; for 
z < 150 /im this leads to a double absorption image [14], 
allowing a direct measurement of z. For distances below 
the optical resolution the value can be extracted from the 
known currents and fields. To measure the atom density 
pictures are taken after 1.8 ms time of flight. 

If we transfer ultra cold thermal atoms to the area 
where the edge is modified by the FIB we observe as 
dominating potential features a trap [11] and a barrier 
at the step of the wire edge (fig. 3, center). 

When cooling further, the higher atomic density in 
the deep potential dimple at one corner of the FIB 
modified area causes an enhancement of the condensate 
growth [15]. Care has to be taken that not all atoms 
accumulate there. Precisely controlling the final steps of 
the RF cooling process we can obtain a BEC in the dim- 
ple with atom numbers ranging from 4 • 10^ to < 100. Its 
longitudinal trapping frequency depends on the distance; 
for the set of experiments reported below we measured 
values in the range 40 Hz < iy\\ < 120 Hz, with transversal 
confinement up to iy± = 7 kHz. 

Using different parameters we can obtain an extended 
ID-BEC. The density of such a ID-BEC is a very sen- 
sitive measure of the potential variations at the bottom 
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FIG. 3: (Color online) Top: electron microscope picture of 
the polished wire. Center: Overall form of the change (AB) 
in the magnetic field minimum along the elongated trap in 
units of the total local wire field B (measured with thermal 
atoms at z = 35 /xm from surface); insert: the thermal cloud 
(Time Of Flight: 2ms). Bottom: measurement of the poten- 
tial roughness using a ID BEG at z — 20, 16, 12, 8/im (top 
to bottom). The curves are interrupted where roughness ex- 
ceeds the chemical potential and shifted for visibility; insert: 
absorption image of a BEG around the wire's polished region; 
z = 9/im, T0F=1.8ms. 



of an elongated trap and allows to deduce the magnetic 
field variations along the wire [16, 17]. We employed this 
measuring method to study the potential roughness [13] 
and we use it to compare the polished section of the wire 
with the unpolished section. 

Experiments were done with trapping currents ranging 
from / = 20 mA to / = 60 mA at an external bias field 
of 0.43 mT, leading to atom-surface distances between 
z = 6.4 /im and z = 28.5 /im. Transversal confinement 
varied from iy± = 6.6 kHz to iy± = 2.1kHz, longitudinal 
confinement was 0.5 Hz < u\\ < 2.0 Hz and trap bot- 
tom 86 /iT. Using the modulation in the observed ID 
atomic density we can reconstruct the potential modula- 
tion over the whole length of the ID EEC. Over nearly 
the whole range of heights, the polished section of the 
wire gives a smoother potential, as characterized by the 
rms potential roughness. For the lowest heights the full 
potential corrugation in the untouched region cannot be 
measured because it can be bigger than the chemical po- 
tential, and we exclude these data from further analysis. 
Comparing the standard deviation of the potential cor- 
rugations of polished section to the bare wire we find 
c^poiished/c^bare = 0.63 ±0.1. The poHshcd scctiou givcs 



nearly a factor two smoother potential, indicating a con- 
tribution of wire edge roughness [12] of the same order 
of that due to other causes. 

These measurements have to be compared to previous 
observations of potential roughness. 

Significant disorder in atom chip potentials has been 
reported at surface distances below ~ 100 /im when using 
electroplated chip wires [18-21]. The production process 
used for such chips tends to generate columnar structures 
along the edges of the conductors, with roughness around 
1 /im. As concluded in [21] irregular current flow due to 
edge roughness [12], is the predominant cause for the 
disorder potential in wires with a width of a few 10 /im. 

Atom chips built by lithographically patterned evapo- 
rated gold wires [9] on Si substrates on the contrary can 
show edge roughness smaller than the scale of the gold 
grains. The observed disorder potential in these chips 
can be orders of magnitude smaller and is caused by the 
local properties of the conductor; edge effects are neg- 
ligible in many cases [13]. These wires allow to create 
continuous ID condensates at distances z down to a few 
/im. The potential roughness varies from chip to chip, 
and even from wire to wire. 

The specific wire used for these series of experiments 
shows a disorder potential more than a factor 10 smaller 
than observed in [18-22], but about a factor 10 larger 
than for the wires studied in [13]. Our experiments indi- 
cate that edge roughness can give a contribution to dis- 
order potential even for these lithographically patterned 
evaporated gold wires. In the wire studied here the con- 
tribution of the edge is of the same order of magnitude 
of what comes from the local properties of the metal. 

To significantly decrease potential roughness the over- 
all homogeneity of the conductor, determining the cur- 
rent flow also in the bulk of the wire, is the critical tech- 
nological issue. We will explore this dependence in a 
forthcoming experiment. To fully exploit the possibili- 
ties given by the potential modulations discussed below 
it is however clear that wires giving trapping potentials 
as smooth as those seen in [13] should be used. 

In the following we give a few examples for other po- 
tentials which can be created by sculpturing the wires. 



IV. A DOUBLE BARRIER POTENTIAL 

A short and deep cut can be seen as a structure gener- 
ating a 'current dipole', with components perpendicular 
to the normal flow. As an example two 1 /im deep, 0.2 /im 
long cuts in opposite edges of the trapping wire give rise 
to a double-barrier potential, with a deep minimum in 
between (fig. 4). For equal cuts, the double-barrier is sym- 
metric in the wire center. Asymmetries can be introduced 
when moving off center. For atom transport through such 
a structure resonances of the atom transmission are ex- 
pected, depending on the atom cloud density and on the 
number of bound states in the minimum [11]. In addi- 
tion other non-linear effects can become dominant [23]. 
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FIG. 4: (Color online) Top: Longitudinal magnetic field mod- 
ulation Ai^ii in a ID trap above the center of a 10 /xm wide 
0.25 /xm thick wire, created by two 2.5 /xm x 0.5 /im notches 
separated by 2 /im, / = 25 mA, 2 /xm < z < 10 /xm; f'/e/t^ value 
given in Tesla and (right) relative to wire field B. Bottom: to- 
tal depth of the longitudinal potential modulation Vo in units 
of the longitudinal level spacing hu\\ obtained by making a 
harmonic approximation at the potential minimum. Data for 
1 /xm < z < 10 /xm, for two different notches' dimensions. 
Insert: two notchess ( 0.9 /xm x 0.2 /xm, 2.2 /xm separation) 
realized (FIB) in a 10 /xm x 2.5 /xm wire. 



Inverting the relative position of the cuts changes the 
sign of the potential. 

In correspondence with the longitudinal magnetic field 
modulation A^y, variations are generated also in the 
other two field components, parallel to the chip surface 
By^ and perpendicular to it Bz. They represent however 
a negligibly small perturbation to the local field, and are 
compensated by minute deviations of the trap position. 
For the cases considered here the displacement is smaller 
than the size of the ground state in the transversal har- 
monic potential. A detailed numerical analysis shows 
that the potential modulation obtained with the simple 
calculation, taking into account only the field B\\ along 
X, and the full calculation, taking into account all three 
field components, differ only by a few percent. 



V. A MAGNETIC LATTICE 

Extending the above idea, a regularly spaced set of 
cuts on the edge, or an array of holes in the center of 
a plane conductor, as illustrated in fig. 5, will create a 
periodic modulation of the longitudinal magnetic field, 
and consequently a lattice. Compared with using a thin 
meandering wire, periodic sculpturing of a wider wire 
has the advantage of resulting in a much more robust 
structure. Moreover it allows to create both the ID trap 
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FIG. 5: (Color online) Top: current density jy in a section of 
the wire where holes have been cut; jo is the current density 
in absence of the defects. Center: The potential modulation 
V at z = 6/xm, in recoil energy units {Er = h'^ka/2mRb with 
ka = 27r/a the lattice vector, and a the lattice length). Bot- 
tom: The potential along the lines drawn in the central image; 
at 2/ = also y = (black dotted line); the maximum mod- 
ulation on V, with a peak-to-peak depth Vb — 20 Er, is ob- 
tained at ^ = 2 /xm (orange continuous curve) while Vb — 6 ^r 
for y = 5/xm (blue dashed curve). In all the images the lat- 
tice length is a = 4 /xm, jo = 1 • 10^*^ A/m^, the holes diameter 
D = a/2, the wire thickness d = a/2 and width it; = 10 /xm. 



and the modulation from a single setup. 

Making holes in the wire center instead of cuts in its 
edge gives the additional feature that the potential mod- 
ulation is antisymmetric as a function of the direction 
transversal to the wire y. The amplitude of the modula- 
tion and its phase depend on the position of the ID trap 
relative to the line connecting the center of the holes. Di- 
rectly above the center line the amplitude is zero. The 
maximum potential modulation is found at a transverse 
distance of about y = ±1), where D is the diameter of the 
hole (see also fig. 6). The modulation along the trap axis 
is to a good approximation sinusoidal; the higher Fourier 
components are strongly damped with height above the 
chip. The potential on either side of the line of holes ex- 
hibits a TT phase shift, but is otherwise identical. In an 
experiment this allows very easily to remove or invert the 
modulation by a transverse translation of the ID trap. 

The actual peak-to-peak amplitude of the potential 
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FIG. 6: (Color online) Amplitude of the peak-to-peak poten- 
tial depth Vb along the direction y transversal to the wire; 
the curves, from bigger to smaller in modulus, correspond 
to the heights z — [5.5, 6, 7, 8] /xm; simulations done with 
jo = 1 • 10^° A/m^ a = 4 /xm, d = a/2, D = 0.6 a, ^ = 10 /im. 
The thick violet curve shows for comparison the trapping po- 
tential for v^ — 20 kHz, scaled down a factor 100. 




FIG. 7: (Color online) Relative potential modulation am- 
plitude for various d (continuous curve) and for various D 
(dashed curve), in units of lattice length a; the dot on 
the curves indicates the value used in the following simu- 
lations. Apart from the scanned parameter, the others 
are: jo = 1 • 10^°^/m^, z/^ = 20kHz, a = 4/im, d = a/2, 
D = 0.6 a, w = 10 /im z = 6.75 /xm. Insert: a sketch of a wire 
section with the parameters used: d wire thickness, w wire 
width, D holes' diameter, a lattice step, z distance atoms- 
chip. 



modulation Vq along y is plotted in fig. 6, for various 
heights z. The convenient unit of energy to discuss these 
lattices is Er = h^kl/2mRi)^ the recoil energy associated 
with the lattice vector ka = 27r/a (a is the lattice period). 

To maximize Vq the diameter D of the holes should be 
as big as possible (fig. 7, dashed curve). In the case con- 
sidered below we choose I) = 0.6 a, a value at which they 
are still nicely separated and easy to fabricate. Keep- 
ing a constant current density, Vq starts to saturate at a 
wire thickness of d :^ a/3, as expected from eq.3. (fig. 7 
continuous curve). 

To assess if one can observe the transition between a 
ID super fluid (SF) to Mott-insulator (MI) in such a 
magnetic lattice we follow the work by Zwerger [24] . For 
a ID system of bosons (chemical potential fi <^ hu;±) in 
a potential lattice the crossover from the SF to the MI 
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FIG. 8: (Color online) Maximum potential modulation in lat- 
tice recoil energy units at 2/im < z < 10 /xm; continuous blue 
curves correspond to (left to right) a = [2, 3, 4, 5] /xm; dashed 
red lines: critical value of Vo for the Mott insulator transition, 
for (bottom to top) n = [1, 10, 30] atoms per lattice site and 
keeping a constant iy± = 20 kHz by modulating the trap bot- 
tom. Simulations done at current density jo = 1 • 10^°A/m^, 
d = a/2, D = 0.6a, w — 10/im . 



regime happens at ^ | = 3.84 for an occupation of n = 1 
atoms per lattice site, where J is the hopping amplitude, 
U the on site interaction. For n ^ 1, ^■\ = 2.2 n. In the 

^ J \c 

case of a ID BEG of ^^Rb one finds in the deep lattice 
limit {Vo > Er): 



J 
U 



.Er{Vo/Erf^^exp (-2y/VojE; 

J a 

(20V^) 



exp I 



— :^ 3.6 • h'±a 



VWE'r 



(4) 



with as the scattering length [25], h'± the trap frequency, 
a the lattice spacing, 0(x) the Gaussian ground state in 
the local oscillator potential. Unlike [24] the ID nature 
of the trapping enters here the calculations through the 
ID effective interaction strength guj in eq. 4, linearly 
dependent on h'±. 

For iy± = 20 kHz, d = a/2, D = 0.6 a and 2 /am < a < 
5/im the SF-MI crossover can be achieved at z c^ 1.5 a 
(fig. 8). The characteristic timescale for an experiment is 
given by the single particle tunnelling time; for n = 1 it 
lies in the range of a few ms, about 2 orders of magnitude 
shorter than the expected lifetime at such z [26-32] . The 
limiting factor in an experiment would be detecting the 
low ID atoms' density [33]. 

Increasing n up to 30 requires ^ | =66 and the tran- 
sition occurs around Vb — 12 £^r (fig-8, upper red dashed 
curve), with a single particle tunnelling time in the order 
of tens of ms, still about one order of magnitude shorter 
than the estimated lifetime and at a density experimen- 
tally observable. 



The required value of Vq at the transition can be low- 
ered by moving deeper into the ID regime, for exam- 
ple increasing u±; keeping a minimum trap bottom Bx 
of 50 /iT we can reach a confinement of iy± = 80 kHz. 
In this case the values for U and J used above (deep 
lattice) can be no longer valid. In the limit of a weak 
lattice, raising the transverse confinement we move into 
the Tonks-Girardeau (TG) regime, increasing the ra- 
tio between interaction and kinetic energy per particle: 
7 = mg/{h?niD)^ with g = 2has • 27ri/^ and uid = n/a 
[24, 34]. In the analytically solvable case of one atom per 
lattice site, a finite excitation gap A is observable before 
the deep TG regime [24]. Keeping a minimum trap bot- 
tom at 70 /iT to avoid spin flips, and Jq = 1 • 10^^ A/m^, 
we can achieve 7 > 10 for z < 2 a; A is in this case of 
the same order of magnitude of Vq . 

The above estimates are rather conservative. Our atom 
chips [9] can support at least 10 times larger current den- 
sities, allowing either thinner wires resulting in a 10 times 
longer spin flip lifetime or much tighter confinement so 
that reaching 7 > 10^ should be possible. 

Increasing the 7 factor while having at the same time 
n > 1 can lead to novel phenomena [35]: atoms in a MI 
phase can undergo a local TG-like transition in each lat- 
tice site and localize in spatially separated distributions. 



VI. CONCLUSION 



We have used the characteristics of small changes in the 
current flow to enhance the flexibility in the design and 
implementation of tailored potentials for complex matter 
wave manipulation on atom chips. In a pilot experiment 
we have demonstrated engineered atom chip potentials 
and shown that the potential roughness can be improved 
by polishing the wire edge using FIB milling. These 
sculptured wires hold promise for many microscopic atom 
optical potentials on atom chips, like double wells, double 
barriers and magnetic lattices. An intriguing possibility 
is to create a potential with designed disorder or defects, 
combined with single site addressability and control on 
the atom chip. 
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